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hand, mGluR1a and mGluR5 interact with the Homer/Boston, Massachussetts 02114
Vesl family of EVH domain proteins (Brakeman et al.,†Department of Neuroscience
1997; Kato et al., 1998; Tu et al., 1998; Xiao et al., 1998).Johns Hopkins University School of Medicine
These specific interactions may play a role in the synap-Baltimore, Maryland 21205
tic targeting and cytoskeletal attachment of glutamate‡Department of Cell Biology and Anatomy
receptors. Perhaps more importantly, these anchoringUniversity of North Carolina at Chapel Hill
proteins are thought to link their respective transmem-Chapel Hill, North Carolina 27599
brane receptors physically and functionally to the appro-§Department of Pharmacology
priate intracellular signaling pathways. For instance,Pusan National University
PSD-95 may link NMDA receptors to neuronal nitric ox-Pusan 609-735
ide synthase and a ras GTPase-activating protein (re-Korea
viewed in Craven and Bredt, 1998), and Homer appears
to couple mGluRs to the IP3 receptor (Tu et al., 1998).
Despite recent advances, much remains to be learnedSummary
about the molecular composition and the physiological
functions of the protein complexes associated withNMDA receptors are linked to intracellular cytoskele-
PSD-95, GRIP, and Homer. Moreover, the apparent seg-tal and signaling molecules via the PSD-95 protein
regation of the different classes of glutamate receptorscomplex. We report a novel family of postsynaptic den-
into parallel protein interaction pathways raises thesity (PSD) proteins, termed Shank, that binds via its
question of whether the PSD-95-, GRIP-, and Homer-PDZ domain to the C terminus of PSD-95-associated
associated complexes cross-talk with each other viaprotein GKAP. A ternary complex of Shank/GKAP/PSD-
downstream protein interactions that have yet to be95 assembles in heterologous cells and can be coim-
uncovered.munoprecipitated from rat brain. Synaptic localization
The postsynaptic density (PSD) can be visualized asof Shank in neurons is inhibited by a GKAP splice
an ultrastructural thickening of the postsynaptic mem-variant that lacks the Shank-binding C terminus. In
brane that is characteristic of excitatory synapses.addition to its PDZ domain, Shank contains a proline-
Among the glutamate receptor complexes discussedrich region that binds to cortactin and a SAM domain
above, the NMDA receptor/PSD-95 complex is the onethat mediates multimerization. Shank may function as
most tightly associated with the PSD. In biochemicala scaffold protein in the PSD, potentially cross-linking
preparations of the PSD, NMDA receptors and PSD-95NMDA receptor/PSD-95 complexes and coupling them
are highly enriched and resistant to extraction by Tritonto regulators of the actin cytoskeleton.
X-100 and sarkosyl detergents, while AMPA receptors/
GRIP and mGluRs/Homer are relatively soluble (Cotman
Introduction et al., 1974; Cohen et al., 1977; Wenthold et al., 1992,
1996; Kennedy, 1997; Allison et al., 1998; Xiao et al.,
Excitatory synaptic transmission in the mammalian brain 1998). It is possible that the components of the NMDA
is primarily mediated by the neurotransmitter glutamate receptor/PSD-95 complex comprise the major constit-
acting on postsynaptic ionotropic glutamate receptors uents of the core PSD remaining after extraction with
(particularly NMDA and AMPA receptors). In addition, strong detergents (Kennedy, 1997). Because they are
likely to play critical roles in the structural organizationglutamate stimulates a subset of metabotropic gluta-
of the synapse and in the transduction of NMDA receptormate receptors (particularly the group I metabotropic
signals, these core PSD proteins are important to defineglutamate receptors mGluR1a and mGluR5) concen-
and study.trated in the postsynaptic membrane. The molecular
Recently, we and others have identified a family ofmechanisms that underlie the postsynaptic localization
proteins (termed GKAP, SAPAP, or DAP) that is highlyand signaling capabilities of these glutamate receptors
concentrated in the PSD and that binds to the guanylatehave been intensely studied in recent years. An emerg-
kinase (GK) domain of PSD-95 (Kim et al., 1997; Naisbitting theme is that the different classes of glutamate re-
et al., 1997; Satoh et al., 1997; Takeuchi et al., 1997).ceptors (NMDA, AMPA, and group I metabotropic gluta-
GKAP appears to be tightly associated with PSD-95; itmate receptors) interact via their cytoplasmic tails with
can be immunoprecipitated from the brain in a complex
with PSD-95 family proteins (Kim et al., 1997), and it is‖ To whom correspondence should be addressed (e-mail: sheng@
helix.mgh.harvard.edu). consistently colocalized with PSD-95 in neurons, even
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in the absence of associated NMDA receptors (Rao et consisting of seven ankyrin repeats near the N terminus,
followed by an SH3 domain, a PDZ domain, a long pro-al., 1998). The GKAP family of proteins contains at least
four members and undergoes complex alternative splic- line-rich segment, and a SAM domain at the C terminus
(Figure 1A). All these motifs are potentially involved ining, but the physiological roles of these variants are
unknown. To gain insight into GKAP function, we protein–protein interactions, suggesting a possible scaf-
fold function for the multidomain Shank polypeptides.screened for binding partners of GKAP, hoping to extend
the network of protein interactions emanating from Shank1a and Shank3a proteins (37% identical to each
other over their entire length) are approximately 40%NMDA receptors into the PSD. Here, we report the identi-
fication of a novel family of proteins (termed Shank) identical to the cortactin-binding protein CortBP1 (Du
et al., 1998) over the region extending from the PDZspecifically enriched in the PSD of excitatory synapses.
Shank contains multiple putative protein interaction do- domain, where CortBP1 begins, to the C terminus. A
higher degree of identity is seen within the specifiedmains, including ankyrin repeats, the SH3 domain, the
PDZ domain, the proline-rich domain, and the SAM do- domains. CortBP1 does not contain the N-terminal an-
kyrin repeats or SH3 domains present in Shank1a andmain. We show that the PDZ domain of Shank mediates
binding to the C terminus of GKAP and that this interac- Shank3a, although it shares the PDZ, proline-rich, and
SAM domains.tion is important in neurons for the synaptic localization
of Shank. In addition, the SAM domain is responsible
for multimerization of Shank, and the proline-rich region The C Terminus of GKAP Binds to the PDZ
contains a specific binding site for cortactin, an actin Domain of Shank
cross-linking protein involved in regulation of the corti- The PDZ domain is the only domain present in all inter-
cal actin cytoskeleton (Wu and Parsons, 1993; Huang acting Shank clones isolated from the yeast two-hybrid
et al., 1997). In the accompanying paper, we show that screen (Figure 1A), suggesting that the Shank PDZ do-
Shank also interacts specifically with Homer and group main mediates interaction with the GKAP1a C-terminal
I metabotropic glutamate receptors (Tu et al., 1999 [this bait construct. This was confirmed by deletion analysis
issue of Neuron]). Thus, the Shank family proteins may in the yeast two-hybrid system; the isolated Shank1 PDZ
be key organizers of the PSD, linking together the PSD- domain was sufficient for binding to GKAP1a C-terminal
95 and Homer-based complexes and allowing their in- residues 591–666 (Figure 1B). Furthermore, GKAP inter-
teraction with modulators of the actin cytoskeleton. action is specific for the PDZ of Shank, since GKAP1a
(residues 591–666) does not associate with the PDZ
domains of PSD-95, Chapsyn-110/PSD-93, or CASKResults
(Figure 1B; data not shown). Similarly, neither an
N-terminal region of GKAP1a (residues 1–100) nor theIsolation and Primary Structure of the Shank
Family of Proteins Kv1.4 C-terminal tail could bind the Shank1 PDZ, even
though these baits did interact, respectively, with theTo identify additional components in the postsynaptic
PSD-95/GKAP complex, we searched for GKAP-binding GK and PDZ domains of PSD-95 (Figure 1B). The PDZ
domain is also responsible for the interaction of Shank2proteins by the yeast two-hybrid method. Using as bait
the C-terminal 76 residues of GKAP1a (originally termed and Shank3 with GKAP1a (data not shown; see Tu et
al., 1999).GKAP in Kim et al., 1997), we obtained multiple copies
of six distinct cDNAs from a screen of approximately PDZ domains typically bind to the last several resi-
dues at the C terminus of interacting proteins. Indeed,1.5 3 106 rat and human brain clones. No other inter-
acting clones were isolated. Sequence analysis revealed we found that the last seven residues of GKAP1a (660–
666; -PEAQTRL) interacted with Shank1 as effectivelythat all six cDNAs were derived from three closely related
genes. Four of the six interacting cDNA clones were and as specifically as the initial bait GKAP1a (residues
591–666) (Figure 1B). To define in detail the C-terminaloverlapping sequences from the same gene; the re-
maining clones (r9 and h10) represented two distinct residues involved in Shank PDZ binding, we assayed
point mutants in the last four amino acids of GKAP1abut highly homologous polypeptides (Figure 1A). We
named the three GKAP-interacting genes Shank1–3, for for binding to Shank1 in the yeast two-hybrid system
(Figure 1C). This analysis revealed that the final threethe presence of an SH3 domain and multiple ankyrin
repeats in the encoded polypeptides; the generic term residues of GKAP are important for specific binding to
Shank. At the 0 position (the last amino acid), the wild-Shank will be used for the whole family. The complete
coding sequences of Shank1 and Shank3 were obtained type residue leucine was preferred, but a conservative
substitution with valine was tolerated; an alanine substi-following conventional hybridization screening of rat
brain cDNA libraries (see Figure 2). During the cloning tution at the very C terminus abolished interaction. At the
21 position, a positively charged amino acid (arginine orand sequencing of these cDNAs, complex alternative
splicing of Shank1 (and other Shank family members) lysine) was greatly preferred over a negative charge
(aspartate). At the 22 position, either threonine or serinewas revealed, with some variants resulting in severely
truncated proteins (E. K., S. N., and M. S., unpublished supported Shank binding, but an alanine mutation abol-
ished it. Changes at the 23 position (Q→E or Q→A) diddata). To prevent future confusion in nomenclature, we
refer to the Shank1 and Shank3 splice variants pre- not affect GKAP1a interaction with Shank (Figure 1C).
This mutational analysis, which is not comprehensive,sented in Figure 2 as Shank1a and Shank3a, respec-
tively. Shank1a consists of 2088 residues, and Shank3a, suggests that the C-terminal sequence preferred by
Shank’s PDZ domain is -X-T/S-R/K-L* (where X is any1740 residues (Figure 2).
Shank proteins share a common domain organization, amino acid, and the asterisk represents a stop codon).
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Figure 1. The Domain Structure of Shank,
and Interaction with GKAP1a
(A) Rat (r) and human (h) brain cDNA clones
isolated from the yeast two-hybrid screen us-
ing GKAP1a C-terminal region (residues 591–
666) as bait are shown aligned below a sche-
matic of Shank protein (drawn to scale). Ank,
Ankyrin repeats 1–7; SH3, Src homology 3
domain; PDZ, PSD-95/Dlg/ZO-1 domain; SAM,
sterile alpha motif. Partial cDNAs from three
related genes were isolated, termed Shank1,
2, and 3. Numbers in parentheses refer to the
number of times each clone was isolated in
the two-hybrid screen. Clone r11 contains an
alternate N-terminal sequence (hatched) pre-
ceding the PDZ domain.
(B) The C terminus of GKAP1a interacts spe-
cifically with the PDZ domain of Shank. Inter-
action between GKAP1a (LexA fusions) and
domains of Shank1 or PSD-95 (GAD fusions)
were assayed by b-gal/HIS3 induction in the
yeast two-hybrid system. The C-terminal
seven residues of GKAP1a (660–666) are suf-
ficient to bind the Shank1 PDZ domain but
show no interaction with the PDZ domains of
PSD-95. Neither GKAP1b C-terminal splice
variant (residues 602–627, terminating GQSK)
nor the Kv1.4 C-terminal (residues 568–655,
positive control for the PDZ domains of PSD-
95) can bind the PDZ domain of Shank1.
(C) Sequence requirements in the GKAP1a C
terminus for interaction with Shank. The wild-
type C-terminal sequence of GKAP1a (QTRL)
is shown at top in bold. Single amino acid
substitutions (bold, underlined) were intro-
duced in the last four residues of GKAP1a
(591–666). Interactions between mutant C ter-
mini and Shank1 (clone r8) were assayed as
in (B).
Since all known members of the GKAP family (GKAP/ binding to PSD-95, which is mediated by the N-terminal
region of GKAP (Kim et al., 1997). In cells triply trans-SAPAP1–4) terminate with the same four amino acids
(-QTRL) (Takeuchi et al., 1997), each member can pre- fected with mutant GKAP1a(L666A) 1 Shank1 1 PSD-
95, Shank was not coprecipitated by GKAP antibodies,sumably interact with Shank. However, it is noteworthy
that splice variants of GKAP1 exist with alternative C even though the cognate antigen GKAP was efficiently
brought down (Figure 3A, lane 8). Moreover, PSD-95 wastermini, an example being GKAP1b (termed hGKAP in
Kim et al., 1997). GKAP1b ends in the sequence GQSK* not significantly coprecipitated with Shank antibodies,
though its coimmunoprecipitation with GKAP remainedand does not interact with Shank (Figure 1B).
robust (Figure 3A, compare lanes 7 and 8). This experi-
ment demonstrates that GKAP1a and Shank1 can asso-GKAP Binds Shank and Recruits Shank to PSD-95
Clusters in Heterologous Cells ciate in heterologous cells via a mechanism dependent
on the C terminus of GKAP1a. Furthermore, GKAP1aTo demonstrate biochemical association of GKAP and
Shank proteins in a mammalian cell context, we per- can mediate the association of PSD-95 with Shank1.
These findings are consistent with the formation of aformed coimmunoprecipitation from transfected COS7
cells (Figure 3A). Since GKAP is known to associate with ternary complex in which GKAP uses its N-terminal re-
gion to bind to PSD-95 and its C terminus to bind toPSD-95 (Kim et al., 1997), we included PSD-95 in these
experiments. In cells triply transfected with wild-type Shank. Shank1 and GKAP1a also coimmunoprecipitate
in the absence of PSD-95 (data not shown).GKAP1a 1 Shank1 1 PSD-95, both GKAP and Shank
could be coimmunoprecipitated by antibodies specific We have previously shown that PSD-95 and its rela-
tives can cause the clustering of Shaker K1 channelsfor either protein, but not by control (nonimmune IgG)
antibodies (Figure 3A, lanes 1–4). GKAP antibodies also and NMDA receptors when coexpressed in COS7 cells
(Kim et al., 1995, 1996) and that GKAP can be recruitedcoprecipitated PSD-95, as expected. Antibodies to
Shank brought down a significant amount of PSD-95 in into these clusters by binding to PSD-95 (Kim et al.,
1997). To test whether GKAP might recruit Shank toaddition to GKAP, implying the formation of a ternary
complex containing Shank/GKAP/PSD-95 (Figure 3A, PSD-95 clusters, we looked for coclustering in COS7
cells triply transfected with Shank1 1 PSD-95 1lane 3). We reasoned that a C-terminal point mutation
in GKAP1a (changing the last amino acid L666→A) would GKAP1a or with Shank1 1 PSD-95 1 GKAP1b (the GKAP
splice variant terminating in -GQSK* instead of -QTRL*)abolish interaction with Shank but not interfere with
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Figure 2. Amino Acid Sequence Alignment of
Shank1a and Shank3a
Sequence begins at the most likely transla-
tion start site based on Kozak consensus.
Domains are underlined and labeled as in Fig-
ure 1A. Ankyrin repeats (r1–r7) are separated
by black wedges. The Homer EVH–binding
motif (see Tu et al., 1999) and cortactin SH3-
binding motif are also underlined.
(Figures 3B and 3C). When expressed individually, form clusters in the absence of PSD-95 (data not shown).
In summary, Shank1 can form coclusters with PSD-95Shank1, PSD-95, and GKAP1 are distributed typically in
a diffuse cytoplasmic pattern in COS7 cells (data not only in the presence of a GKAP splice variant that binds
to Shank as well as to PSD-95. The GKAP1a-dependentshown). Shank1 and PSD-95 do not directly interact, and
as expected, these two proteins do not cluster together coclustering of Shank1 and PSD-95 corroborates the
coimmunoprecipitation results, indicating the formationwhen coexpressed (data not shown). In contrast, cells
triply transfected with Shank1 1 PSD-95 1 GKAP1a in heterologous cells of a ternary complex of Shank/
GKAP/PSD-95 that is specified by the C-terminal se-formed plaque-like clusters in which Shank immunore-
activity colocalized precisely with PSD-95 (Figure 3B) quence of GKAP.
and with GKAP (data not shown). These clusters have
an appearance identical to PSD-95/Shaker K1 channel
coclusters or NMDA receptor/PSD-95 coclusters (Kim Association of Shank with the GKAP/PSD-95
Complex In Vivoet al., 1995, 1996). In cells transfected with Shank1 1
PSD-95 1 GKAP1b, however, Shank immunoreactivity GST pulldown experiments from rat brain extracts were
performed to verify biochemical association of Shankremains diffuse and does not colocalize with PSD-95
(Figure 3C). PSD-95 and GKAP form coaggregates in and GKAP. Sepharose beads charged with GST fusion
protein of Shank1(SH3–PDZ) precipitated a large frac-these cells (Figure 3C, right), as they do even in the
absence of Shank (data not shown). Thus, GKAP1a, but tion of GKAP present in the offered extract (Figure 4A).
In addition to GKAP, GST–Shank1(SH3–PDZ) broughtnot GKAP1b, can mediate the coclustering of Shank1
with PSD-95 in heterologous cells. This is consistent down PSD-95, chapsyn-110/PSD-93, and NR1 (a sub-
unit of NMDA receptors). These pulldowns were spe-with GKAP1a recruiting Shank1 via its specific C-termi-
nal PDZ-binding sequence. Shank1 and GKAP1a do not cific, since SAP97, synaptophysin, and glutamic acid
Postsynaptic Shank Binds GKAP and Cortactin
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Figure 4. Biochemical Association of Shank, GKAP, and PSD-95 in
Rat Brain
(A) GST pulldown assays showing GKAP–Shank binding. Beads
charged with GST alone or GST fusions of GKAP1a (C-terminal
residues 591–666) or Shank1(SH3–PDZ) (residues 469–691) were
incubated with whole rat brain extracts. Bound proteins were immu-
noblotted for the indicated proteins. Input lane was loaded with
10% of the extract used for pulldown. The GST–Shank(SH3–PDZ)
pulldown was not loaded for the Shank immunoblot because the
antibody recognizes the GST–Shank fusion protein.
(B) Coimmunoprecipitation of Shank, GKAP, and PSD-95 from brain.
Extracts of rat forebrain synaptosomal membranes were immuno-
precipitated with GKAP, Shank, or control (nonimmune IgG) antibod-
ies, as indicated. Immunoprecipitates were immunoblotted for
Shank, GKAP, and the PSD-95 family of proteins. Input lane was
loaded with 100% (top, Shank), or 10% (bottom, GKAP and PSD-
95) of extract used for immunoprecipation. Inset, Specific block of
Figure 3. Coimmunoprecipitation and Coclustering of Shank, GKAP,
immunoprecipitation by antigen. GKAP antibodies raised against
and PSD-95 in Transfected COS7 Cells
the N-terminal region of GKAP (N1564) were used for immunoprecip-
(A) Extracts from COS7 cells triply transfected with wild-type itation of brain extracts. Immunoprecipitation of GKAP and coimmu-
GKAP1a 1 Shank1 1 PSD-95 (lanes 1–4), or with GKAP1a mutant noprecipitation of Shank and PSD-95 by N1564 were blocked by a
(L666A) 1 Shank1 1 PSD-95 (lanes 5–8), were immunoprecipitated thioredoxin fusion protein of the N-terminal region of GKAP (the
with Shank, GKAP, or control (nonimmune IgG) antibodies. The im- antigen used to generate N1564), but not by a fusion protein of the
munoprecipitates were immunoblotted for GKAP, Shank, and PSD- C-terminal region of GKAP. Immunoblotting for GKAP was per-
95, as indicated. Input lane was loaded with 10% of extract used formed with antibodies directed against the C-terminal region of
for IP. GKAP (C9589).
(B and C) COS7 cells were triply transfected with (B) GKAP1a 1
Shank1 1 PSD-95 or (C) GKAP C-terminal splice variant GKAP1b 1
Shank1 1 PSD-95. Cells were double labeled for Shank1 (Cy3, left
bands are seen on immunoblots of the brain. The speci-panels) and PSD-95 (FITC, right panels). Shank coclusters with PSD-
ficity of these Shank bands is supported by two pieces95 when cotransfected with GKAP1a (terminating QTRL*), but not
of evidence: first, these signals are abolished upon pre-when cotransfected with GKAP1b (terminating GQSK*). PSD-95 and
GKAP form aggregates in these cells ([C], right) similar to those in incubation of antibodies with Shank immunogen, and
Shank-untransfected cells (data not shown). Shank1 and PSD-95 second, two additional antibodies raised against inde-
do not cluster in the absence of GKAP (data not shown). pendent regions of Shank yield essentially identical im-
munoblot patterns (E. K., S. N., and M. S., unpublished
data). The heterogeneity of Shank bands arises because
decarboxylase (GAD) were not precipitated with GST– our antibodies recognize multiple members of the Shank
Shank1(SH3–PDZ), and GST alone pulled down none of family and because each of the Shank genes undergoes
these proteins (Figure 4A). complex alternative splicing (E. K., S. N., and M. S.,
In parallel, a GST fusion protein incorporating the unpublished data). Although the GKAP1a(C-term) fusion
C-terminal 76 amino acids of GKAP1a [GKAP1a(C-term)] protein pulled down Shank, it did not pull down GKAP
specifically pulled down Shank proteins from brain ex- (Figure 4A). This is presumably because GST-GKA-
P1a(C-term) can only bind to Shank with an unoccupiedtract (Figure 4A, bottom panel). Note that multiple Shank
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PDZ domain and, hence, will not bind to Shank proteins 5D). On the other hand, Shank-immunoreactive puncta
already complexed with native GKAP in the brain ex- showed no colocalization with the GABAergic synaptic
tract. Consistent with such an interpretation, GST- marker GAD (Figure 5E), indicating Shank’s absence
GKAP1a(C-term) can bring down Homer protein, which from inhibitory synapses. Thus, at the light microscopy
binds to Shank at a site distinct from the PDZ domain level, Shank is a synaptic protein found specifically in
(see Tu et al., 1999). In summary, these pulldown results excitatory synapses, consistent with its interaction with
confirm the specific binding between GKAP and native the NMDA receptor/PSD-95/GKAP complex.
Shank; furthermore, they indicate that Shank can bind
to a native complex containing GKAP/PSD-95 and asso- Biochemical and Electron Microscopic Evidence
ciated NMDA receptors. that Shank Is a Component of the PSD
To show that a ternary complex of Shank/GKAP/PSD- To determine if Shank is a component of the PSD in vivo,
95 exists in vivo, we performed coimmunoprecipitations we studied the fractionation of Shank proteins during
from solubilized synaptosomal membranes (Figure 4B). biochemical purification of rat brain PSDs (Figure 6A).
Shank antibodies immunoprecipitated Shank proteins The heterogeneous set of Shank polypeptides was
with high efficiency, and in addition they coprecipitated highly enriched in PSD preparations and was resistant
significant amounts of GKAP and PSD-95 and chapsyn- to extraction by Triton X-100 and sarkosyl detergents.
110/PSD-93. Since Shank does not interact directly with In fact, Shank enrichment during purification and deter-
PSD-95 family proteins, this result is consistent with gent extraction of PSDs was similar to that of PSD-95
Shank existing in a ternary complex with GKAP/PSD- and GKAP (Figure 6A). The finding that Shank is a core
95. Similarly, GKAP antibodies immunoprecipitated a component of the PSD provides further evidence that
large fraction of GKAP from the extracts, along with Shank is an authentic component of the NMDA receptor/
Shank, PSD-95, and chapsyn-110 (Figure 4B). Although PSD-95/GKAP complex.
this latter result does not prove the existence of the Finally, we employed postembedding immunoelec-
ternary complex, it does confirm the native association tron microscopy to investigate the subcellular location
of GKAP with Shank and of GKAP with PSD-95 in the of Shank proteins in native brain tissue. Immunogold
brain. None of the examined proteins was detectable in labeling for Shank in rat cerebral cortex is predominantly
control IgG precipitates, indicating the specificity of the synaptic and associated with both axospinous and axo-
coimmunoprecipitations. Additionally, it is significant dendritic asymmetric synapses. Most of the labeling
that SAP97 (a PSD-95 family protein; Müller et al., 1995) is over the PSD, close to the postsynaptic membrane
was not brought down with GKAP in either GST pulldown (Figure 6B). Quantitative analysis confirmed that Shank
or antibody precipitation assays (Figures 4A and 4B), is concentrated on the postsynaptic side of the synapse;
even though SAP97 has intrinsic binding affinity for the peak of the distribution profile of Shank immunogold
GKAP (Kim et al., 1997). PSD-95 and chapsyn-110 co- particles was approximately 25 nm inside the postsyn-
fractionate with GKAP as core components of the PSD, aptic membrane (Figure 6C). Shank was relatively evenly
whereas SAP97 is segregated from GKAP in presynaptic distributed in the lateral plane of the synapse. These
and axonal compartments (Müller et al., 1995; Kim et ultrastructural studies support the light microscopic and
al., 1996). The fact that GKAP and SAP97 do not copre- biochemical findings, confirming at high resolution that
cipitate thus offers reassurance that the detected pro- Shank is specifically concentrated in the PSD of excit-
tein–protein interactions are specific and not occurring atory synapses.
artifactually after solubilization of the proteins. As a fur-
ther test of specificity, we showed that the coimmuno-
The GKAP–Shank Interaction Is Required for Shankprecipitation of Shank and GKAP could be blocked by
Localization in Synapsescompetition with the specific antigen (Figure 4, inset).
GKAP1b is a naturally occurring C-terminal splice vari-GKAP antibodies raised against the N-terminal region
ant of GKAP1 that binds to PSD-95 but not to Shankof GKAP (termed N1564) immunoprecipitated GKAP and
(see above). Unlike GKAP1a, GKAP1b is unable to recruitcoprecipitated Shank and PSD-95 in the absence of any
Shank into PSD-95 clusters in heterologous cells (seeblocking antigens. The precipitation of GKAP and the
Figures 3B and 3C). We exploited these two GKAP iso-coprecipitation of Shank and PSD-95 by N1564 antibod-
forms to explore the in vivo significance of the GKAP–ies were blocked by preincubation with the N-terminal
Shank interaction. Overexpression of GKAP1a (theGKAP fusion protein antigen but not by a fusion protein
Shank-binding isoform) in cultured hippocampal neu-of the C-terminal region of GKAP (Figure 4, inset).
rons caused an increase in the density of Shank immu-
noreactive clusters (93 6 16 clusters per 100 mm den-Synaptic Localization of Shank in Cultured Neurons
drite versus 69 6 9 in untransfected neurons) that didThe experiments above indicate the biochemical associ-
not reach statistical significance (p 5 0.22; Figures 8Aaation of Shank, GKAP, and PSD-95 in the brain. Are
and 8Ae). By contrast, overexpression of GKAP1bShank proteins also specifically localized at synaptic
caused a marked and significant (p , 0.01) decrease insites, like GKAP and PSD-95? This question was ad-
synaptic clusters of Shank (to only 31 6 4 puncta perdressed by double-labeled immunofluorescence stain-
100 mm dendrite) (Figures 8Ab and 8Ae). The numbering of cultured hippocampal neurons (Figure 5). The
of synaptic PSD-95 clusters was not affected (p 5 0.52)pattern of Shank immunoreactivity was strikingly punc-
by either GKAP1a or GKAP1b overexpression (Figurestate and distributed along dendrites of neurons. The
8Ac, 8Ad, and 8Ae). Similarly, the density of synaptophy-punctate Shank staining matched closely that of synap-
sin puncta was not significantly altered (data not shown;tophysin, GKAP, PSD-95, and NR1, indicating the spe-
cific concentration of Shank in synapses (Figures 5A– p 5 0.35). These findings indicate that the GKAP1a C
Postsynaptic Shank Binds GKAP and Cortactin
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Figure 5. Localization of Shank at Excitatory Synapses in Cultured Hippocampal Neurons
Hippocampal neurons at 2–3 weeks in vitro were double labeled for Shank (left column, A1 to E1) and various proteins as indicated (right
column, A2 to E2). Shank colocalizes in a punctate pattern with GKAP, PSD-95, NR1, and synaptophysin, but not with GAD. Enlargements of
the indicated rectangular fields are shown in insets at bottom right of each panel.
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Figure 6. Biochemical Enrichment and Quantitative Immunogold Electron Microscropic Localization of Shank in PSD
(A) Immunoblot analysis of brain and PSD fractions (amount of protein loaded in each lane is indicated). WB, Whole brain homogenate; Syn,
crude synaptosomes; PSD fractions were extracted with Triton X-100 once (PSDI), twice (PSDII), or with Triton X-100 followed by sarkosyl
(PSDIII). Blots were probed for the indicated proteins, showing enrichment in PSD of Shank similar to that of GKAP, PSD-95, and chapsyn-
110. Cortactin is enriched in PSDI but not PSDIII.
(B) Postembedding immunogold EM labeling of Shank in a representative section from adult rat cerebral cortex, showing Shank labeling
predominantly over the PSD of asymmetric synapses.
(C) Quantitative analysis of the distribution of Shank immunogold particles at synapses. Fields containing Shank immunopositive synapses
were digitized, and all gold particles within 150 nm of an active zone were analyzed. The distance of immunogold particles from the inner
leaflet of the postsynaptic membrane in the axodendritic axis is plotted in the upper panel (in nm; 0 represents postsynaptic membrane). The
distance of gold particles from the center of the PSD in the lateral plane of the synapse (normalized by PSD length) is shown as a histogram
(lower panel). Shank labeling peaks z25 nm postsynaptic of the postsynaptic membrane in the axodendritic axis and is evenly distributed in
the lateral plane of the PSD.
terminus is functionally important in vivo for the tar- able to bind cortactin expressed in HEK293 cells, while
geting of Shank (but not of PSD-95) to synaptic sites. GST alone or fusions to other Shank domains could not
Together with the biochemical and immunostaining (Figure 7B, upper blot). In the reverse direction, a GST
data, these dominant negative results support a physio- fusion of full-length cortactin pulled down Shank3 (resi-
logical interaction between GKAP and Shank in neuronal dues 1379–1740), while a GST fusion of cortactin with
synapses. a specific SH3 domain deletion (cortactinDSH3) was un-
able to do so (Figure 7B, lower blot). As further evidence
for this interaction, full-length Shank3 was cotrans-Shank Interaction with Cortactin
fected with cortactin or cortactinDSH3 into HEK cells.As noted above, Shank1 and Shank3 show sequence
Antibodies to Shank were able to coimmunoprecipitatesimilarity to the cortactin-binding protein CortBP1.
cortactin but not cortactinDSH3 (Figure 7C). PreimmuneCortBP1 contains a proline-rich motif (-KPPVPPKP-)
serum was unable to immunoprecipitate either protein.that mediates binding to the SH3 domain of cortactin
Thus, Shank3 can bind to cortactin in vitro and in heterol-(Du et al., 1998). We noted an identical sequence in
ogous cells, and the mode of binding is similar to thethe proline-rich region of Shank3 (Figure 2, residues
CortBP1–cortactin interaction (Du et al., 1998).1410–1417) that conforms to the cortactin SH3-binding
In the brain, cortactin is enriched in the PSD-I fractionconsensus 1PPcXKP determined by phage-displayed
(which has been extracted with Triton X-100), but notpeptide library screening (1, c, and X signify basic, ali-
in PSD-III (extracted with Triton X-100 and sarkosyl;phatic, or “any” residue, respectively; Sparks et al.,
Figure 6A). Therefore, cortactin may be weakly associ-1996). Shank1 did not contain a sequence exactly
ated with the PSD, but unlike the Shank/GKAP/PSD-95matching this motif (the closest was -KPPLPPLP-, resi-
complex, cortactin does not behave as a core compo-dues 1872–1879). To examine whether Shank3 can inter-
nent of the PSD. We were unable to coimmunoprecipi-act with cortactin, we performed pulldown assays with
tate Shank and cortactin from brain extracts, but this isGST fusions of various Shank3 domains. Two constructs
of Shank3 that contained the -KPPVPPKP- motif were perhaps not surprising given the differential detergent
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the subcellular distribution of cortactin in cultured hip-
pocampal neurons (Figure 8B). In developing neurons
prior to synapse formation, cortactin and Shank are co-
localized in growth cones of neuritic processes (Figure
8Ba), as has been shown previously for cortactin and
CortBP1 (Du et al., 1998). In more mature neurons (2
weeks in vitro), the immunostaining pattern of cortactin
was densely punctate but more widespread than that
of Shank (Figure 8Bb). Using a computer algorithm to
quantitate the extent of area colocalization of immuno-
fluorescent signals (see the Experimental Procedures),
we found that a small fraction (6.3% 6 0.6%) of cortactin
immunolabeling overlapped spatially with Shank (Figure
8Bd). Since Shank immunoreactivity is specifically clus-
tered at synapses (see Figure 5), this minor punctate
colocalization of cortactin and Shank presumably oc-
curs at synapses (arrowheads in Figure 8Bb). Interest-
ingly, after a 10 min stimulation of neurons with gluta-
mate, cortactin redistributed to a more synaptic pattern,
such that 25% 6 2.2% of cortactin immunolabeling colo-
calized with Shank (p , 1024) (Figures 8Bc and 8Bd).
Since the algorithm used to determine this percentage
does not take into account the intensity of immunostain-
ing, and the brightest cortactin puncta colocalize with
Shank, the actual mass of cortactin colocalizing with
Shank is probably underestimated. The majority of Shank-Figure 7. Cortactin Binding and Multimerization of Shank
immunoreactive puncta colocalize with cortactin in(A) Diagram showing regions of Shank3 used in GST pulldown
glutamate-stimulated neurons (see Figure 8Bc). The co-assays (drawn to scale). The location of the putative cortactin bind-
ing sequence (KPPVPPKP) is indicated. localization data in primary neuron culture are consis-
(B) SH3-dependent binding of cortactin to a specific region of the tent with an in vivo interaction of cortactin and Shank
Shank3 proline-rich domain. Beads charged with GST alone or with in growth cones and in a subset of synapses. Perhaps
GST fusion proteins containing different regions of Shank3, full- more interestingly, they suggest that cortactin may un-
length cortactin, or cortactin lacking its SH3 domain (cortac-
dergo an activity-dependent redistribution into syn-tinDSH3), as indicated, were incubated with extracts of HEK293
apses. Whether this redistribution involves a regulatedcells expressing myc-tagged full-length cortactin (upper panel) or
myc–Shank3 (residues 1379–1740; lower panel). Bound proteins interaction with Shank remains to be determined.
were immunoblotted with anti-myc antibodies. Input lane was
loaded with 2.5% of extract used for pulldown. Multimerization of Shank
(C) Coimmunoprecipitation of full-length Shank3 and cortactin. Ex-
Several well-characterized scaffold proteins of the PSDtracts of HEK293 cells cotransfected with Shank3 1 HA–cortactin
show the capacity for homo- or heteromultimerization,or with Shank3 1 HA–cortactinDSH3 were immunoprecipitated with
Shank antibodies or preimmune serum (PI), as indicated. Immuno- including PSD-95 and chapsyn-110/PSD-93 (Kim et al.,
precipitates were immunoblotted for HA. Cortactin but not cortac- 1996; Hsueh et al., 1997), the Homer family of proteins
tinDSH3 is coprecipitated by Shank antibodies. Shank3 was immu- (Xiao et al., 1998), and GRIP/ABP (Srivastava et al.,
noprecipitated from both extracts by Shank antibodies, but not by 1998). We wondered whether Shank proteins also multi-
preimmune serum (data not shown). Input lane was loaded with
merize, perhaps via the SAM domain—a domain known10% of extract used for immunoprecipitation.
to mediate oligomerization (see Thanos et al., 1999, and(D) SAM domain is sufficient for Shank self-association. Beads
charged with GST fusions of Shank3 regions as indicated were references therein). To examine this issue, we tested
incubated with extracts of HEK293 cells expressing myc–Shank3 whether GST fusions of various regions of Shank3 could
(residues 1379–1740). Bound proteins were immunoblotted for myc. pull down a Shank3 fragment (residues 1379–1740) con-
GST fusions containing the SAM domain were able to pull down taining the SAM domain from extracts of transfected
myc–Shank3 (residues 1379–1740). Input lane was loaded with 2.5%
HEK293 cells. GST fusions of the C-terminal region ofof extract used for pulldown.
Shank3 (residues 1379–1740) or of the SAM domain(E) Oligomerization of full-length Shank3 in heterologous cells. Ex-
tracts of HEK293 cells cotransfected with full-length myc–Shank3 alone (residues 1669–1740) were able to bind Shank3
and HA–Shank3 were immunoprecipitated using HA antibodies or (residues 1379–1740), while GST fusions of three other
nonimmune IgG and the precipitates immunoblotted for myc and regions of Shank could not (Figure 7D). Thus, regions
Shank. HA antibodies precipitated myc–Shank3, implying self-asso- of Shank3 containing the SAM domain are able to asso-
ciation of Shank. Input lane was loaded with 10% of extract used
ciate in vitro. In addition, when myc epitope–tagged full-for immunoprecipitation.
length Shank3 was cotransfected with HA-tagged full-
length Shank3 in HEK cells, anti-HA antibodies (but
not nonimmune IgG) were able to coprecipitate myc–solubility of cortactin and Shank. Taken together, these
biochemical results do not support a stable association Shank3 with HA–Shank3 (Figure 7E). Anti-HA antibodies
did not precipitate myc–Shank3 in the absence of HA–of Shank and cortactin in vivo, but they are consistent
with a regulated or low-affinity interaction between cor- Shank3 (data not shown). Collectively, these results im-
ply that full-length Shank protein can multimerize andtactin and Shank. To explore this further, we examined
Neuron
578
Figure 8. The Importance of GKAP Interaction on the Synaptic Localization of Shank, and Glutamate-Induced Colocalization of Cortactin and
Shank in Cultured Neurons
(A) The importance of GKAP–Shank interaction for synaptic clustering of Shank in neurons.
(Aa) Two examples of neurons transfected with GKAP1a and double labeled for GKAP (upper panel of each pair) showing high levels of GKAP
staining, and for Shank (lower panels), showing punctate synaptic Shank staining on dendrites that is similar to untransfected neurons (compare
with Figure 5).
(Ab) Two examples of GKAP1b-transfected neurons, showing high levels of GKAP staining (lower panels) and decreased number of Shank
immunoreactive clusters on dendrites (upper panels).
(Ac) GKAP1a-transfected neuron double labeled for GKAP/PSD-95, as indicated.
(Ad) GKAP1b-transfected neuron doubled labeled for GKAP/PSD-95, as indicated. The density of PSD-95 synaptic clusters was unaffected
by overexpression of either GKAP1a (Ac) or GKAP1b (Ad).
(Ae) Quantitation of data shown representatively in (Aa)–(Ad). The number of clusters of Shank and PSD-95 per 100 mm dendrite in neurons
transfected with GKAP1a (gray bars) or GKAP1b (black), or in untransfected neurons (white) were counted using Metamorph software by a
blind observer (see the Experimental Procedures). Bars show mean 6 SEM; * indicates p , 0.01 compared with either GKAP1a-transfected
or untransfected neurons. In contrast, PSD-95 and synaptophysin clustering are not significantly different in GKAP1a- versus GKAP1b-
transfected neurons (p 5 0.52 and p 5 0.35, respectively). See the Experimental Procedures for details.
(B) Colocalization of cortactin and Shank in cultured neurons.
(Ba) Cortactin and Shank colocalize in growth cones of developing neurons (arrowheads).
(Bb) Mature neuron double labeled for cortactin and Shank. Only a small fraction of puncta colocalize along dendrites (examples indicated
by arrowheads); most labeling does not overlap (arrows).
(Bc) After treatment with glutamate (100 mm for 10 min), there is a marked increase in colocalization of Shank and cortactin (arrowheads),
such that most Shank immunoreactive puncta are also cortactin positive.
(Bd) Quantitation of data shown representatively in (Bb) and (Bc). The percent (pixel) area of cortactin labeling that overlaps with Shank
labeling was determined using Metamorph colocalization software and plotted as mean 6 SEM.
that the Shank SAM domain is sufficient to mediate this wide variety of GKAP and Shank proteins can interact
with each other. Different combinations of the variousself-association.
GKAPs and Shanks could generate a heterogeneity of
associations in vivo. An additional level of complexityDiscussion
is represented by a C-terminal splice variant of GKAP
(GKAP1b) that does not bind Shank. GKAP1b transfec-GKAP–Shank Interaction in Synapses
We report here a novel family of proteins (Shank) that tion into neurons inhibits Shank recruitment to syn-
apses, suggesting that the targeting of Shank to theis specifically localized in excitatory synapses and highly
enriched in the PSD. Shank interacts directly with GKAP PSD can be regulated by alternative splicing of GKAP.
Although GKAP1b overexpression interferes with theand appears to be a major component of the PSD-95/
GKAP protein complex that is associated with NMDA synaptic localization of Shank, it does not inhibit the
synaptic localization of PSD-95. We conclude that GKAPreceptors at postsynaptic sites. The multiple genes in
the Shank family, and their complex alternative splicing, is a critical determinant of Shank’s synaptic localization,
but Shank is not required for PSD-95/GKAP targetinggive rise to a remarkable heterogeneity of Shank poly-
peptides. Since a C-terminal (-QTRL) sequence shared to synapses. Thus, Shank recruitment to synapses can
be considered downstream of or secondary to PSD-95/by all four GKAP/SAPAP genes can bind to the con-
served PDZ domains of Shank1–3, we predict that a GKAP synaptic localization.
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Multidomain Organization and Multiple Protein SAM–SAM interaction that would allow formation of an
Interactions of Shank extended polymer of SAM domains (Thanos et al., 1999).
A key to understanding Shank function lies in the struc- We show here that full-length Shank can multimerize
tural organization of this family of proteins. The Shank and that the SAM domain of Shank is sufficient for self-
sequence shows an absence of known enzymatic/cata- association, suggesting that Shank may exist as an
lytic domains but an abundance of motifs that are likely oligomer linked via its C-terminal SAM. In the context
involved in binding to other proteins. These include an- of the PSD, oligomerization of Shank SAM domains may
kyrin repeats, the SH3 domain, the PDZ domain, proline- be significant for cross-linking multiple sets of protein
rich motifs, and the SAM domain (see diagram in Figure complexes, such as the NMDA receptor/PSD-95/GKAP
1A). The role of the seven ankyrin repeats in Shank is complex and the mGluR/Homer complex (Tu et al.,
unknown, but such repeats are implicated as protein 1999). It will be interesting to examine if SAM-mediated
interaction domains in other proteins (Bork, 1993; Ja- self-association of Shank proteins is regulated in syn-
cobs and Harrison, 1998). C-terminal to the ankyrin re- apses, because the degree of oligomerization of Shank
peats, Shank contains another well-known protein-bind- could influence the structural organization of the PSD.
ing module, the SH3 domain. The presumptive ligands
of the Shank SH3 domain also remain to be identified. Interaction with Cortactin and Regulation
Adjacent to the SH3 domain of Shank is the PDZ of Actin Cytoskeleton
domain, which we have determined mediates Shank Neurons, like other cells, undergo rearrangements of the
binding to the C terminus of GKAP. The PDZ domain of cortical actin cytoskeleton in response to extracellular
Shank has a distinctive binding specificity, preferring signals. The actin cytoskeleton of the dendritic spine is
the hydrophobic residue leucine over valine at the very particularly dynamic (Fischer et al., 1998), and activity-
C terminus of interacting proteins. This contrasts with dependent reorganization of the postsynaptic cyto-
the better known PDZ domains of PSD-95, which prefer skeleton may play a role in the plasticity of excitatory
valine at the 0 position. In addition, the Shank PDZ pre- synapses. Little is understood, however, about the
fers positive charge over negative charge at the 21 mechanisms that might couple synaptic stimulation to
position, whereas the best characterized ligands for the cytoskeletal changes in dendritic spines. Here, we have
first two PDZ domains of PSD-95 (NMDA receptor NR2 shown that Shank binds to cortactin, a protein impli-
subunits, and Shaker-type potassium channels) have a cated in signaling to the actin cytoskeleton. Originally
negatively charged aspartate in this position. A neutral identified as a substrate of Src tyrosine kinase, cortactin
amino acid may also be acceptable at 21 (see Tu et is an F-actin-binding protein enriched in cell–matrix con-
al., 1999). Based on sequence comparisons with PDZ tact sites, membrane ruffles and lammelipodia of cul-
domains of known binding specificity (Songyang et al., tured cells, and in growth cones of neurons (Wu and
1997) and the crystal structure of a PDZ–peptide com- Parsons, 1993; Du et al., 1998). The translocation of
plex (Doyle et al., 1996), we hypothesize that the pres- cortactin to the cell periphery is stimulated by the small
ence of isoleucine (residue 670 in Shank1a or 649 in GTPase Rac1 (Weed et al., 1998), and its F-actin cross-
Shank3a) at aB8 might contribute to Shank’s preference
linking activity is inhibited by Src tyrosine phosphoryla-
for leucine over valine at the the 0 position. The nega-
tion (Huang et al., 1997). Thus, a large body of evidence
tively charged glutamate (residue 631 in Shank1a or 610
implicates cortactin in regulation of the actin cytoskele-
in Shank3a) at bC5 (instead of lysine in PDZ1/2 of PSD-
ton in dynamic regions of the cell periphery. Our study95) may contribute to Shank PDZ preference for a posi-
suggests that cortactin may also play a role in neuronaltive charge at the 21 position.
synapses, based on the following findings: biochemi-The extensive region lying between the PDZ domain
cally, cortactin is loosely associated with the PSD, andand the SAM domain of Shank is rich in proline (22% in
immunocytochemically, it colocalizes with Shank in aShank1, 16% in Shank3) and serine residues (16% in
subset of synapses. Most interestingly, we have demon-Shank1, 12% in Shank3). Proline-rich motifs often medi-
strated a significant redistribution of cortactin to syn-ate protein–protein association, serving as binding sites
aptic sites in response to glutamate stimulation. Thefor modules such as SH3, EVH, and WW domains (Bed-
glutamate-induced synaptic localization of cortactin isford et al., 1997; Nguyen et al., 1998). We have identified
reminiscent of cortactin recruitment to the cortical cy-two ligands for the proline-rich region of Shank: cortac-
toskeleton by growth factor stimulation of nonneuraltin, which binds the -KPPVPPKP- motif with its SH3
cells (Weed et al., 1998). Their coexistence in growthdomain, and Homer, which binds to the -PPXXF- motif
cones provides further suggestion that Shank and cor-(-PPLEF- in Shank1, -PPEEF- in Shank3), with its EVH
tactin may function at sites of active cytoskeletal remod-domain (Tu et al., 1998; discussed in detail in the accom-
eling in neurons. In mature synapses, we speculate thatpanying paper, Tu et al., 1999).
a regulated Shank–cortactin interaction may be a mech-The C terminus of Shank is occupied by a SAM do-
anism for linking NMDA receptor activation to the controlmain, which is found in a variety of signal transducing
of the postsynaptic actin cytoskeleton.proteins, including Eph receptor tyrosine kinases. Inter-
Shanks are highly related to CortBP1, a protein iso-estingly, the SAM domain is found at the C terminus of
lated by yeast two-hybrid screening with the SH3 do-all Eph receptors, the same position it occupies in the
main of cortactin (Du et al., 1998). CortBP1 has beenShank polypeptides. Previous studies suggest that SAM
shown to colocalize with cortactin in membrane rufflesdomains can form homo- and/or heterooligomers (Jous-
of cultured cells and in growth cones of cultured neuronsset et al., 1997; Peterson et al., 1997; Thanos et al.,
(Du et al., 1998), analogous to our colocalization of1999). The crystal structure of the SAM domain from the
EphB2 receptor has revealed two distinct interfaces for Shank and cortactin in growth cones and synapses.
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Biotechnology) detect PSD-95, chapsyn-110/PSD-93, and SAP97Based on their similarity in primary structure and cell
on immunoblots. Other antibodies are described under the assaysbiological properties, it seems reasonable to consider
in which they were used.CortBP1 and Shanks as members of the same family of
proteins. Shank Cloning and Plasmid Constructs
Full-length Shank1 and Shank3 cDNAs were obtained by standard
Shank, a Higher Order Scaffold Protein for the PSD hybridization screening of lZAP II rat cortical and hippocampal
cDNA libraries (Stratagene) using digoxigenin-labeled DNA probesWhat then is the function of Shank? Our cloning and
from fragments initially isolated in the yeast two-hybrid screen. Full-characterization of Shank has revealed its large size, its
length Shank1a cDNA constructs in GWI-CMV (British Biotechnol-multidomain structure supporting diverse protein inter-
ogy) were made by ligating restriction digested fragments fromactions (including self-association), its specific localiza-
two-hybrid prey and lZAP II clones as follows: HindIII (nt 0, site intro-
tion in the PSD of excitatory synapses, and its association duced by short PCR)–BamHI (nt 1099) from clone 5–1; BamHI (nt
with the PSD-95/GKAP complex. In the accompanying 1099)–EcoRI (nt 2079) from clone r8/6; EcoRI (nt 2079)–BsawI (nt
paper, we report that Shank also binds to Homer, the 3079) from prey clone r19; BsawI (nt 3079)–NotI (nt 3514) from r19/
18; NotI (nt 3514)–AvrII (nt 4279) from clone 3–10; and AvrII (ntanchoring protein for mGluR1/5 (Tu et al., 1999). All these
4340)–SalI (nt 7090) from clone 1–3–1 (including 39UTR). For experi-features point to Shank being a new scaffold protein of
ments in COS7 cells, we used a Shank1a construct extending tothe postsynapse. If PSD-95 can be considered a scaffold
clone 3–10 (diverging at nt 4759, residue 1509 of Shank1a, and thusprotein of the PSD operating close to the postsynaptic
omitting the SAM domain) because full-length Shank1a expressed
membrane (a membrane-proximal scaffold that binds poorly. For Shank3 expression constructs, see Tu et al. (1999).
directly to NMDA receptors), we propose that Shank
plays the role of key scaffold protein in the deeper levels Transfection and Clustering in Heterologous Cells
COS-7 cells were transfected with Lipofectamine (GIBCO-BRL) onof the PSD (several proteins removed from the mem-
polylysine-coated coverslips (for clustering experiments) or in 100brane receptors). Indeed, the immunogold quantitation
mm tissue culture dishes (for immunoprecipitation experiments).suggests that Shank (peaking at z25 nm inside of the
Cells were fixed and permeabilized as described 24 hr after transfec-postsynaptic membrane) is localized in a deeper part of
tion (Kim et al., 1996; for concentrations of primary and secondary
the PSD than are PSD-95 or NMDA receptors (J. V. antibodies, see Neuron Culture, Immunocytochemistry and Immu-
and R. J. W., unpublished data). Being further from the noelectron Microscopy below).
membrane (in a topological as well as a physical sense),
Pulldown, Immunoprecipitation, and Biochemical FractionationShank is in the appropriate position to connect together
For pulldown experiments, whole brain homogenate was extractedthe different glutamate receptors and their respective
in 1% SDS and quenched in Tx-100 as described (Müller et al., 1996;protein complexes and to serve as an interface between
Kim et al., 1997), except that quenching buffer contained (in mM):these signaling complexes and the actin cytoskeleton
130 KCl, 10 NaCl, 2 MgCl2, 3 EGTA, 50 HEPES (pH 7.4), and 1% Tx-of the dendritic spine. 100. After 1 hr centrifugation at 100,000 3 g, 120 mg extract was
incubated with glutathione sepharose 4B (Amersham Pharmacia
Experimental Procedures Biotech) coupled to 6 mg GST or GST fusion (approximately 3 ml
bed volume) for 2 hr at 48C, followed by four washes in quenching
Yeast Two-Hybrid Screen and Analysis buffer. Pulldowns and immunoprecipitations from transfected
of GKAP–Shank Interaction HEK293 cell extracts were performed as described in the accompa-
Yeast two-hybrid screening and assays were performed as de- nying paper (Tu et al., 1999). For immunoprecipitation from COS7
scribed previously (Bartel et al., 1993; Niethammer and Sheng, 1998) cell extracts, cells were washed and pelleted followed by resuspen-
using the L40 yeast strain harboring HIS3 and b-gal as reporter sion in (in mM): 50 Tris (pH 7.4), 75 NaCl, 2.5 EGTA, 2.5 EDTA, 1%
genes. GKAP1a residues 591–666 were subcloned into pBHA (LexA SDS, followed by 4-fold dilution in 1% Tx-100, 50 Tris (pH 7.4), 150
fusion vector) and used to screen z1.5 3 106 clones from rat and NaCl, 2.5 EGTA, 2.5 EDTA plus protease inhibitors and 1 hr 16,000 3
human cDNA libraries constructed in pGAD10 (GAL4 activation do- g centrifugation. Supernatants were incubated with 2 mg of control
main vector, Clontech). For analysis of specificity and binding do- nonimmune IgG, Shank 56/e, or a 1:1 mixture of GKAP N1564 and
mains, desired cDNA segments were amplified by PCR with specific
C9589 antibodies. Extracts of forebrain synaptosomes for immuno-
primers and subcloned into pBHA or pGAD10. Two-hybrid con-
precipitation were prepared using either SDS (more efficient for
structs of Kv1.4 and PSD-95 have been described (Kim et al., 1995).
GKAP coimmunoprecipitation with Shank) or DOC (more efficientShank1(SH3–PDZ) contains residues 469–691, and Shank1(PDZ)
for Shank coimmunoprecipitation with GKAP). Extraction of fore-contains residues 684–691 of Shank1a. Mutations of GKAP C-termi-
brain P2 in 1% DOC was performed as described (Dunah et al.,nal residues were generated by PCR of GKAP1a (residues 591–666)
1998) followed by dialysis overnight into 0.1% Tx-100, 50 mM Trisusing antisense primers containing specific nucleotide substitu-
(pH 7.4). Concurrently, 5 mg each antibody was preincubated over-tions.
night with 10 ml protein A–sepharose. After clearing at 100,000 3 g
for 1 hr, dialyzed extract (50 mg protein) was incubated with anti-Antibodies
body–protein A in 100 ml 0.1% Tx-100, 50 mM Tris, (pH 7.4) for 2Shank antibodies were raised in rabbits against a GST fusion of
hr at 48C. Precipitates were washed four times with 1 ml of incubationShank1a residues 469–691 and affinity purified using a thioredoxin
buffer. For antigen competition controls, TRX–gk2.1 (see Kim et al.,fusion of same region (these are termed Shank 56/8 antibodies). In
1997) or TRX-GKAP1a(C-term) at 100 mg/ml concentration weresome experiments, the IgG fraction purified by protein A–sepharose
present during all antibody incubation steps. For SDS extraction,was used (these are termed Shank 56/e antibodies). Identical bands
the 1% Tx-100-insoluble pellet from P2 was solubilized in 1% SDSwere seen on rat brain immunoblots using both antibody prepara-
plus 5 mM ATP, 0.05% b-mercaptoethanol, followed by 4-fold dilu-tions, and preincubation with a thioredoxin fusion of Shank1 (resi-
tion in 1% Tx-100 quenching buffer plus 5 mM ATP, 0.05% b-mer-dues 469–591) abolished the signal of both antibodies (data not
captoethanol. After centrifugation at 100,000 3 g for 1 hr, solubleshown). In addition, an independent peptide antibody raised against
extract (300 mg protein) was incubated with 2.5 mg of control nonim-a nonoverlapping region of Shank1 (residues 422–440) detected
mune IgG, Shank 56/e, or GKAP N1564 antibodies. After 2 hr incuba-identical bands on rat brain immunoblots (E. K., S. N., and M. S.,
tion at 48C, 10 ml protein A–sepharose beads was added for 2 hr.unpublished data). The following antibodies have been described:
Pellets were washed four times in Tx-100 quenching buffer. Deter-anti-GKAP N1564 and C9589 (Kim et al., 1997; Naisbitt et al., 1997);
gent-extracted PSDI-III fractions were prepared as previously de-guinea pig anti-PSD-95 (Kim et al., 1995); anti-cortactin mouse
scribed (Cho et al., 1992). Immunoblotting was developed with en-monoclonal 4F11, a gift from Tom Parsons (Kanner et al., 1990).
Anti-PSD-95 family mouse monoclonal antibodies (K28/86, Upstate hanced chemiluminescence reagents (ECL, Amersham).
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Neuron Culture, Immunocytochemistry, References
and Immunoelectron Microscopy
Allison, D.W., Gelfand, V.I., Spector, I., and Craig, A.M. (1998). Role ofLow-density hippocampal neuronal cultures were prepared from
actin in anchoring postsynaptic receptors in cultured hippocampalE18 rats as described (Goslin and Banker, 1991). After 2–3 weeks
neurons: differential attachment of NMDA versus AMPA receptors.in culture, neurons were fixed in methanol for 10 min at 2208C and
J. Neurosci. 18, 2423–2436.incubated overnight at 48C with primary antibodies at the following
dilutions: Shank 56/e, 0.5 mg/ml; Synaptophysin SVP38 monoclonal Bartel, P.L., Chien, C.T., Sternglanz, R., and Fields, S. (1993). Using
(SIGMA), 1:1000; GAD monoclonal (Boehringer Mannheim), 1 mg/ the 2-hybrid system to detect protein-protein interactions in cellular
ml; PSD-95 guinea pig serum, 1:1000; GKAP N1564 or GKAP C9589, interactions in development: a practical approach, D.A. Hartley, ed.
1 mg/ml; NMDAR1 monoclonal 54.1 (PharMingen), 2.5 mg/ml. Cy3- (Oxford: Oxford University Press).
and FITC-conjugated secondary antibodies (Jackson Immunore- Bedford, M.T., Chan, D.C., and Leder, P. (1997). FBP WW domains
search) were used at dilutions of 1:500 and 1:100, respectively. and the Abl SH3 domain bind to a specific class of proline-rich
Immunofluorescence was visualized with a Zeiss Axioskop micro- ligands. EMBO J. 16, 2376–2383.
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